Background. Laboratory-based evidence of coagulopathy (LC) is observed in 25-35% of trauma patients, but clinically-evident coagulopathy (CC) is not well described. Methods. Prospective observational study of adult trauma patients transported by helicopter from the scene to nine Level 1 trauma centers in 2015. Patients meeting predefined highest-risk criteria were divided into CC+ (predefined as surgeon-confirmed bleeding from uninjured sites or injured sites not controllable by sutures) or CC-. We used a mixed-effects, Poisson regression with robust error variance to test the hypothesis that abnormalities on rapid thrombelastography (r-TEG) and international normalized ratio (INR) were independently associated with CC+. Results. Of 1,019 highest-risk patients, CC+ (n=41, 4%) were more severely injured (median ISS 32 vs 17), had evidence of LC on r-TEG and INR, received more transfused blood products at 4 hours (37 vs 0 units), and had greater 30-day mortality (59% vs 12%) than CC-(n=978, 96%). The overall incidence of LC was 39%. 30-day mortality was 22% vs 9% in those with and without LC. In two separate models, r-TEG K-time >2.5 min (RR 1.3, 95% CI 1.1-1.7), r-TEG mA <55 mm (RR 2.5, 95% CI 2.0-3.2), platelet count <150 x 10 9 /L (RR 1.2, 95% CI 1.1-1.3), and INR >1.5 (RR 5.4, 95% CI 1.8-16.3) were independently associated with CC+. A combined regression model was not generated because too few patients underwent both r-TEG and INR. Conclusion. CC was rare compared to LC. CC was associated with poor outcomes and impairment of both clotting factor and platelet-mediated coagulation components.
Injury is the third leading cause of death overall and the leading cause of death in those aged 44 years or younger in the United States. 1 In 1969, Simmons et al first reported an association between shock, coagulopathy, and severe injury in combat casualties during the Vietnam War. 2 This trauma-induced coagulopathy (TIC) has become the focus of intensive research efforts, although its etiology remains elusive. 3 TIC is associated with increased hemorrhage, transfusion requirements, and mortality, 4, 5 and is independent of traditional iatrogenic causes of posttraumatic coagulopathy such as hemodilution. Between 25% and 35% of civilian and military trauma patients [4] [5] [6] will present with laboratorybased evidence of TIC despite a profound up-regulation in procoagulant mechanisms after injury. 7 When unbalanced resuscitation and unrestrained use of crystalloid were the norm, clinical coagulopathy was common. With the change in resuscitation during the past decade, most bleeding after trauma is not coagulopathic and responds readily to surgical techniques, including compression, vessel ligation, and embolization. Clinically evident coagulopathic bleeding (CC) such as diffuse oozing from injured and uninjured sites is not responsive to such maneuvers and is now uncommon. The relationship between clinical coagulopathic bleeding and laboratory-based evidence of coagulopathy, however, is unclear.
Whereas conventional coagulation tests, such as prothrombin time/international normalized ratio (PT/INR) and partial thromboplastin time (PTT) interrogate, only a small fraction of the coagulation system, viscoelastic whole blood coagulation assays such as thrombelastography (TEG) provide information on multiple facets of coagulation, including clotting factor activity, platelet function, the thrombin burst, and fibrinolysis. 8 Abnormalities in the TEG are associated with poor outcome, and enable the targeted use of blood products to correct specific coagulation deficiencies. 9, 10 Our objectives were therefore 2-fold: first, to describe the phenotype of CC, and then to identify specific laboratory coagulation abnormalities which were independently associated with development of CC after trauma.
Methods

Study subjects
This is a secondary analysis of the Prehospital Resuscitation on Helicopters Study (PROHS, https://clinicaltrials.gov/ct2/show/ NCT02272465 identifier: NCT02272465), which was a prospective, observational study of adult trauma patients transported by helicopter from the scene to 9 Level 1 trauma centers in 2015. The study protocol was approved by the institutional review board at all participating sites (University of Texas Health Science Center, Houston, TX; University of Cincinnati, Cincinnati, OH; Mayo Clinic, Rochester, MN; Oregon Health and Science University, Portland, OR; University of Washington, Seattle, WA; University of Maryland, Baltimore, MD; University of Southern California, Los Angeles, CA; University of Alabama, Birmingham, AL; University of Arizona, Tucson, AZ), and patient data were handled in compliance with the Health Insurance Portability and Accountability Act. The highestrisk subset was predefined as those meeting one of the following criteria during prehospital care: heart rate >120 beats per minute, systolic blood pressure (SBP) ≤ 90 mm Hg, penetrating truncal injury, tourniquet application, pelvic binder application, intubation, or prehospital transfusion. Prisoners were excluded from enrollment. We also excluded patients who expired within 30 minutes from the present study, because these patients expired before operative exploration could be performed (limiting the ability to determine CC+ or CC−) and because of a large proportion of missing data (>20%) in these patients.
Specimens and measurements
Admission blood samples were taken from all highest-risk patients for routine laboratory analysis on arrival to the emergency department (ED) and included complete blood count, venous blood gas, and lactate level. Coagulation tests, such as rapid TEG (r-TEG), kaolin TEG (k-TEG), PT, PTT, and fibrinogen level, were performed according to individual institutional practice. TEGs were performed on citrated whole blood using TEG 5000 Thrombelastograph Hemostasis Analyzer systems (Haemonetics Corporation, Braintree, MA) according to manufacturer specifications. Holcomb et al have demonstrated previously that abnormalities on r-TEG predicted need for transfusions as well as or better than conventional coagulation tests but had a much faster time to obtain the result. 9 
Outcomes and definitions
Active resuscitation was performed on patients who received blood products during the prehospital phase or within 3 hours of admission. At the end of active resuscitation, research staff asked the attending trauma surgeon if CC had been observed at any previous point. CC was predefined as surgeon-confirmed bleeding from uninjured sites or injured sites not controllable by sutures, which was agreed on by all participating centers and codified in the manual of operations. Active resuscitation was ended when the patient was resuscitated adequately, the patient expired, or further care was deemed futile. Patients who did not require active resuscitation were assumed to be CC−, because these patients were not bleeding. We used cutoffs previously published to define abnormal r-TEG (ACT >128 s, K-time >2.5 min, angle <56 degrees, mA <55 mm, lysis at 30 minutes [LY30] > 3%) and abnormal INR (>1.5), PTT (>35 s), and platelet count (<150 x 10 9 /L). 9 To our knowledge, there are no published cutoffs for abnormal k-TEG values in the setting of trauma.
Statistical analysis
Continuous data are expressed as medians with interquartile ranges. Nonparametric comparisons of continuous data were performed by Wilcoxon rank-sum test. Comparisons of categorical data were performed by χ 2 test or Fisher exact test for categories with ≤5 members. We used a mixed-effects, Poisson regression with robust error variance, which has been used previously to estimate relative risks of dichotomous outcomes, 11 to identify abnormalities in laboratory coagulation tests (r-TEG parameters and INR) which were associated with CC+. We controlled for age, injury Severity core (ISS), prehospital transfusions, admission SBP, and admission base excess as fixed effects. To account for inter-site variation, we included study site as a random effect. These covariates were chosen for 2 reasons. First, increased injury severity and increased hemorrhage are broadly correlated with increased degree of TIC, 3 although the exact mechanistic etiologies are unclear. Second, these variables had an acceptable degree of missingness (all <5%). Stata 14.1 (Stata Corporation, College Station, TX) was used for all statistical calculations.
Results
Demographic and baseline data
A total of 25,118 trauma patients were admitted during the 10-month enrollment period to the nine participating centers, of whom 2,341 arrived by helicopter, and 1,058 met the highest-risk criteria. Thirty-nine (4%) died within 30 minutes of arrival, leaving 1,019 patients for analysis, of whom 340 (33%) underwent active resuscitation. There were 41 (4%) CC+ patients and 978 (96%) CC− patients. The diagnosis of CC+ varied between centers (P < .05), ranging in incidence from 0% to 22%. Demographic, prehospital, and ED data are summarized in Table 1 . CC+ patients were older, more severely injured, hypotensive, with more deranged base excess, and more likely to have received prehospital blood products compared to CC− patients.
Admission coagulation tests were performed according to each institutional practice and varied considerably between centers. Of the 9 participating centers, INR was performed in 88% to 94% of patients at 6 centers, PTT was performed in 79% to 94% of patients at 5 centers, fibrinogen was performed in 22% to 79% of patients at 3 centers, r-TEG was performed in 85% to 95% of patients at 2 centers, and k-TEG was performed in 22% to 77% of patients at 2 centers. On k-TEG, CC+ patients had greater R-time (CC+: median 4.2, interquartile range [IQR] 3.5-5.6 vs CC−: median 3.3, IQR 2.7-4.0 min, P < .05) although mA was higher (CC+: median 68.4, IQR 65.2-74.4 vs CC−: median 63.8, IQR 60.2-68.0 mm, P = .02). There were no differences in K-time, angle, or LY30. Of 774 patients who had r-TEG, PT/INR, and/or PTT performed, 305 patients (39%) had at least one laboratory-based abnormality of coagulation.
Transfusion and mortality data
CC+ patients required increased transfusions of all blood products by a substantial margin and had increased mortality at all time points (all P < .001; Table 2 ). Times to death between CC+ and CC− groups were similar. Although the primary cause of death was most commonly traumatic brain injury (TBI) for both groups, exsanguination and TBI death were both more common in the CC+ group. Mortality of CC+ and CC− patients was 59% vs 12%, while mortality of those with and without laboratory-based evidence of coagulopathy was 22% vs 9%.
Laboratory evidence of coagulopathy: INR
Demographics, baseline, and outcomes data for patients with admission INR data (n = 459) are summarized in Table 3 . CC+ patients (n = 18; 4%) were more severely injured, had an increased INR, and received more blood products at all time points compared to CC− (n = 441, 96%) patients, but there were no differences in mortality or cause of death. A mixed-effects, Poisson regression controlling for age, ISS, prehospital transfusions, admission SBP, and admission base excess as fixed effects and study site as a random effect found that abnormal INR (>1. 
Laboratory evidence of coagulopathy: r-TEG
Demographics, baseline, and outcomes data for patients with admission r-TEG data (n = 391) are summarized in Table 4 . CC+ (n = 22, 6%) patients were more severely injured, received more blood products at all time points, and had increased mortality compared to CC− (n = 369, 94%) patients. Admission r-TEG parameters are summarized in Table 5 . CC+ patients had greater ACT and K-times, as well as well as diminished angle and mA consistent with increased coagulopathy. The LY30 was not different. After dichotomizing all r-TEG parameters based on previously published cutoffs, 9 86% of CC+ patients had at least one abnormality on r-TEG compared to 59% of CC− patients (P = .01). After controlling for the same covariates as above, we found that abnormal K-time (<2.5 min; RR 1.34, 95% CI, 1.08-1.67), abnormal mA (<55 mm; RR 2.52, 95% CI, 1.96-3.24), and abnormal platelet count (<150 x 10 9 / L; RR 1.21, 95% CI, 1.15-1.27) were significantly associated with CC+ (Fig 1) . Only 76 patients had both admission r-TEG and INR performed (with only 5 CC+), precluding a combined model with both r-TEG parameters and INR.
Diagnostics of model performance
Diagnostic studies were performed for both of the above models (see Supplement, online version only). In terms of global goodness- of-fit, χ 2 tests of the deviance statistic were not significant (P > .05). Visual inspection of deviance residuals versus predicted values revealed <2% outliers. Due to the dichotomous outcome, the residuals were not expected to be normally distributed. Instead, we used our models to generate simulated data; visual comparison of actual versus simulated residuals did not reveal large deviations.
Discussion
In this study, we performed a secondary analysis of PROHS, which was a prospective observational study of adult trauma patients transported by helicopter from the scene. Overall, we found that the incidence of CC+ was 4% compared to the 39% incidence of laboratory coagulopathy on r-TEG, PT/INR, and/or PTT. CC+ was associated with increased ISS, more deranged physiology on admission, increased transfusion requirements, and increased mortality. Because one of the major objectives of this study was to infer deficiencies in clot formation based on laboratory coagulation abnormalities, we performed subgroup analyses on patients with admission INR and r-TEG data. Differences in demographics and outcomes were mostly preserved in the INR and r-TEG subgroups, except for no difference in mortality between CC+ and CC− patients who had INR performed at admission (Table 3 ). In patients with admission r-TEG, prolonged K-time (>2.5 min) and diminished mA (<55 mm) were independently associated with development of CC. In a separate model, INR >1.5 was independently associated with CC+. In both models, platelet count <150 x 10 9 /L was associated with CC+. The etiology of TIC is complex, independent from iatrogenic resuscitation injury such as hemodilution, and multifaceted with contributions from decreased clotting factor activity, platelet dysfunction, endothelial injury, hypoperfusion, and hyperfibrinolysis (Fig 2) . 3 Several proposed pathways include: 1) activated protein C-mediated deactivation of clotting factors and plasminogen activator inhibitor, 12 2) "autoheparinization" by shedding of heparan sulfate and chondroitin sulfate from the endothelial glycocalyx layer into the circulation, 13 3) decreased platelet activation to stimuli (adenosine diphosphate, arachidonic acid, collagen, and thrombin), 14 4) hyperfibrinolysis secondary to massive release of tissue plasminogen activator by hypoperfusion and/or catecholamines, 15 and 5) early consumption of fibrinogen resulting in hypofibrinogenemia. 16 Furthermore, TIC is likely modulated by endogenous patient factors, such as genetics and baseline comorbidities, and is exacerbated by any anticoagulant and antiplatelet medication taken prior to injury. Although having an abnormality on coagulation assays is a fairly common finding in trauma patients, 4-6 its relationship to clinically evident coagulopathic bleeding, which we defined as bleeding from uninjured sites and/or bleeding from injured sites not controllable by sutures, has not been well established. Neal et al have proposed a scoring system to better define and study CC, 17 but no system is in routine use currently. Table 4 Demographics, baseline, and outcomes for patients with admission r-TEG (n = 391).
Demographics
CC + (n = 22, 6%) CC− (n = 369, 94% The cell-based model of hemostasis was a major shift in our understanding of clot formation. Instead of a clotting factor (enzymatic)-driven process, the cell-based model describes 3 overlapping phases of coagulation driven by the changing properties of cell surfaces: initiation, amplification, and propagation. 18 One advantage of TEG over conventional coagulation tests, such as PT/INR and PTT, is that the TEG tracing contains information from whole blood pertaining to all 3 phases of the cell-based hemostasis model (as well as fibrinolysis). A study by Kawasaki et al analyzed clot formation of blood from healthy volunteers with scanning electron microscopy (SEM) in parallel with kaolin TEG. 19 At R-time on the TEG tracing, coarse fibrin formation was observed on SEM. This is consistent with the initiation phase, when exposure of tissue-factor bearing surfaces after blood vessel injury leads to assembly of nascent complexes of clotting factors. At K-time on the TEG tracing, fibrin strands with some entrapped red blood cells were noted on SEM. This is consistent with the amplification phase, when circulating platelets adhere to the site of injury, become activated, and degranulate. Between K-time and the time of mA on TEG, increasing amounts of fibrin with deformed red blood cells were observed on SEM. This is consistent with the propagation phase, when factor Xa/Va complexes are assembled on the activated platelets en masse, resulting in the thrombin burst and large-scale fibrin production. Rivard et al reported in an in vitro study that the α angle correlates to the rate of propagation and is reflective of the thrombin burst. 20 Abnormalities in the TEG tracing are reflective of specific deficiencies in the coagulation system which can be useful both as a research tool and to guide patient care.
Both platelets and fibrin contribute to the strength of a mature clot. Whereas the fibrin component represents only 20% of the overall clot strength in healthy individuals, 21 this increases to 31% to 44% after trauma. 22 A high, local concentration of thrombin is also required to produce a tightly woven, fibrin meshwork. 23 Therefore, hypofibrinogenemia, platelet dysfunction, and deficient thrombin generation may all lead to poor clot strength and diminished TEG mA. The fact that the TEG angle was not associated with CC+ suggests that thrombin generation during the propagation phase was not impaired; indeed, the capacity to upregulate thrombin generation after injury is substantial. 7 There is evidence to implicate both platelet dysfunction and hypofibrinogenemia as important contributors to TIC. Platelet inhibition to stimuli, such as adenosine diphosphate, arachidonic acid, collagen, and thrombin receptor activating peptide, has been associated with worse outcomes after trauma, 14 was detectable within 15 minutes of injury in animal models, 24, 25 and may occur despite concurrent markers of hypercoagulability, such as increased thrombin generating potential and faster ACT on r-TEG. 26 Chambers et al reported that fibrinogen was often the first clotting factor to reach critically low levels during the course of massive transfusion for hemorrhagic shock. 27 A recent systematic review and metaanalysis by Cannon et al concluded that early transfusion with high ratios of platelets and plasma decreases mortality after hemorrhagic shock, 28 and currently, several randomized trials are investigating the role of early aggressive fibrinogen treatment. [29] [30] [31] Because platelet function assays and fibrinogen measurements were not performed in patients with admission r-TEG, it remains unclear from the present study if platelet dysfunction or hypofibrinogenemia was primarily responsible for the decreased clot strength observed in CC+ patients. The finding that prolonged K-time was associated with CC+ supports the hypothesis that platelet dysfunction contributed to impaired clot amplification, although attenuated clotting factor activity may have also played a role. Our finding that thrombocytopenia was associated with CC+ is consistent with another study which reported an association between thrombocytopenia and mortality after trauma, 32 although it is also true that platelet dysfunction occurs at even normal platelet counts. 14, 32 Of note, blood samples were drawn prior to platelet transfusions. Hyperfibrinolysis (LY30 >3%) has been reported previously as uncommon but associated with increased mortality after trauma. 33 In this study, however, the incidence of hyperfibrinolysis was nearly equal between CC+ and CC− (26% versus 27%), and it was not associated with CC+ or mortality. Although INR >1.5 was associated with CC+ in patients with admission INR, there were not enough patients who had both r-TEG and INR data to explore their associations to CC+ in the same model.
Of the 35 CC+ patients with admission r-TEG, PT/INR, or PTT performed, 9 patients (26%) had normal coagulation parameters, and of the 305 patients with laboratory coagulopathy based on these tests, only 26 (9%) were also CC+. This dissociation of hemostatic potential assessed by laboratory values (41%) versus hemostatic function by observed CC+ (4%) suggests that currently used laboratory coagulation assays are suboptimal in assessing the risk of clinical coagulopathic bleeding, however, our reported laboratory coagulation results were obtained at the time of admission, while determination of CC was several hours later. Clinical factors occurring after admission including continued blood loss and variable fluid therapy may modulate the risk of CC+ despite normal admission laboratory coagulation studies.
One final consideration is the relationship between brain injury and CC. Although the incidence of severe TBI by a score of >3 criteria on the Abbreviated Injury Scale was similar between CC+ and CC− patients, CC+ patients did have increased incidence of mortality due to TBI. Previous reports have documented the relationship between TBI, coagulopathy, and mortality. 34 Brain-derived microparticles are released into the circulation after TBI, contain high concentrations of procoagulant tissue factor and phosphatidylserine, and have been demonstrated to induce a consumptive coagulopathy in a mouse model of TBI. 35 A consumptive process could result in hypofibrinogenemia and explain the poor clot strength and depressed TEG mA observed in CC+ patients, but we did not examine subsequent head imaging to analyze progression of intracranial hemorrhage, which can be considered a coagulopathic phenotype. Inclusion of patients with ICH expansion may have increased the incidence of CC+ in the present study.
Our study had several limitations. First, only 2 of 9 participating centers in PROHS performed routine admission r-TEG. Eighty enrolled patients from 2 other participating centers did have admission k-TEG performed, and we excluded k-TEG patients from the subgroup analysis for the several reasons. Because of the tissue factor added to r-TEG which is not present in k-TEG, many of the r-TEG and k-TEG parameters are not directly comparable, although some variables are well-preserved. 36 Nevertheless, because we are not aware of any method to standardize r-TEG and k-TEG parameters, a pooled analysis with all 5 variables would not be possible. Although we could have used cutoffs to define abnormal k-TEG parameters and performed a pooled analysis using dichotomous variables, we are not aware of any cutoff parameters for k-TEG for the trauma population. Reference ranges based on normal individuals are available from the manufacturer, but because injury induces a plethora of biochemical and physiologic changes including activation of both procoagulant and anticoagulant mechanisms using reference ranges based on normal individuals to define abnormality in the setting of trauma is likely inappropriate. 3 Although decreased mA was independently associated with CC+ for 391 patients with r-TEG, mA was actually greater in the CC+ group for 80 patients with k-TEG. The reason for this is unclear but may be related to the inter-site variance in CC+ diagnosis. The 2 centers which performed admission k-TEG were outliers for CC+ incidence (<1% and 23%, respectively), while the 2 centers that performed admission r-TEG reported an incidence of CC+ of 6% and 7%, respectively. Although we analyzed patients with admission r-TEG and PT/INR, we could not combine these patients into a single regression model due to not enough patients with both tests. Furthermore, a limitation inherent in all current coagulation assays is the exclusion of a vital component of in vivo coagulation, the endothelium and the blood vessel itself. We analyzed only admission coagulation tests, while CC developed and was recorded a variable duration of time after admission. During this time, multiple clinical variables, including transfusion of blood products, crystalloid and artificial colloid use, operative procedures, and continued blood loss, may have contributed to the development of CC, but were not accounted for in our study. At the end of active resuscitation, research staff asked the attending trauma surgeon if CC had been observed at any point prior. We report the time to end of resuscitation (Table 2 ), but we do not know the exact time when CC+ was first present. Additionally, patients who developed CC after the end of resuscitation would have been categorized as CC−. In future studies, patients should be assessed for CC at multiple time points and during the different phases of care to account for variations in clinical care. Finally, despite the a priori definition of CC+, there was significant inter-site variability in its incidence.
In conclusion, development of CC was rare (4%) and associated with poor outcomes, whereas an abnormality in laboratory-based coagulation was common (39%). Prolonged K-time and depressed mA on admission r-TEG were associated independently with CC in trauma patients, implicating impaired clot amplification, hypofibrinogenemia, and/or platelet dysfunction as an important contributor to this phenotype. In highlighting the substantial disconnect between laboratory-based evidence of coagulopathy and clinically evident coagulopathic bleeding, we hope further research will refine our definition of this disease and elucidate its etiology.
